Dilation-balloon expandable coronary stents are made of implant grade stainless steels, UNS S31673, e.g., BioDur ® 316LS. Boston Scientific / Interventional Technologies (BS/IVT) determined that addition of platinum to UNS S31673 could produce a stainless steel with enhanced radiopacity, which made such stents more visible radiographically. A goal of the program was to ensure the platinum additions would not adversely affect the corrosion resistance of the resulting 5-6 wt % PERSS ® alloys. Corrosion resistance of PERSS and BioDur 316LS was determined using electrochemical tests for general, pitting, crevice and intergranular corrosion. Experimental methods included A262E, F746, F2129, and potentiodynamic polarization. The ~ 6 wt % PERSS alloy (IVT 78) had a resistance to pitting, crevice and intergranular corrosion similar to base materials. IVT 78 was a single-phase austenitic PERSS alloy with no evidence of inclusions or precipitates; it was more resistant to pitting corrosion than the ~ 5 wt % PERSS alloys. PERSS performance was not a function of oxygen content in the range 0.01 to 0.03 wt %.
Introduction
Stainless steels have long been used to fabricate medical devices for the human body. These devices include artificial joints and, especially during the past decade, vascular stents. It is estimated that nearly a million patients worldwide undergo interventional procedures each year with 50 % of these patients receiving coronary vascular stents [1] . The commercial, implant grade alloy BioDur ® 316LS 1 (UNS S31673) has been used to fabricate such stents. The stents are inserted into diseased arteries and are designed to have adequate mechanical and corrosion properties in blood plasma environments.
Stainless steel stents as used today can often be almost radiolucent to x-rays [2] when placed in the human body. This in turn makes it difficult to locate their position with the required precision. Gold, platinum, or tantalum marker bands are sometimes affixed to catheters or coatings applied to stents to increase radiopacity for precise location of stents [2] . A new method is described in this volume for increasing stent radiopacity by modifying the composition of the stainless steel alloy used in fabricating coronary stents. This method consists of alloying precious metals, such as platinum, with a stainless steel. Such platinum additions enhance the radiopacity of stainless steel, leading to a new class of radiopaque stainless steels, PERSS ® 2 , for applications within the human body [3] [4] . However, it must be shown that such alloying can be accomplished without significant reduction in the mechanical properties or corrosion resistance of the deployed stent.
Several studies have been conducted on the effect of precious metal additions on the corrosion performance of stainless steels. A summary of the research conducted between 1949 and 1980 is found in the reviews of McGill [5] [6] . These papers report on the effects of palladium, ruthenium, iridium, osmium, and platinum additions on the corrosion resistance of stainless steels. Test environments ranged from oxidizing to reducing solutions and included solutions that cause either pitting or stress corrosion cracking. A summary of the reviews suggests: (1) a critical noble metal concentration must be reached for passivity of the steel; (2) noble metal modified steels corrode rapidly before becoming passive; and (3) the improvement in corrosion resistance with noble metal additions is less for the higher alloyed steels that contain, for example, molybdenum. There is also some evidence that noble metal modified steels are more susceptible to stress corrosion cracking. Unfortunately the results presented by McGill [5] [6] are for solutions more typical of the chemical process industry than of the human body. To assess the corrosion resistance of alloys considered as biomaterials, it is necessary to work in an environment comparable to that encountered in the body. In vitro corrosion experiments do not normally use whole blood or blood plasma, but rather a synthetic environment that simulates the properties of blood. Corrosion studies have been conducted in a variety of simulated blood environments. Synthetic body fluid (SBF) is one such solution [7] . It is compared to the composition of a synthetic blood plasma [8] in Table 1 . Another environment is a synthetic blood plasma that is in conformity with the recommendations of Association Française de Normalisation (AFNOR) [9] , but no details are given. ASTM Test Method for Conducting Cyclic Potentiodynamic Polarization Measurements to Determine the Corrosion Susceptibility of Small Implant Devices (F2129) offers three solutions for testing implant devices such as stents -Tyrodes, Ringers, and Hanks; the compositions of these solutions are given in Table 2 . [10] . The research included measurements of corrosion potential and corrosion rate under pitting, stress corrosion cracking, corrosion fatigue, fretting and crevice corrosion, galvanic corrosion, and sensitization conditions. He concluded that the basic surgical implant materials, when in their correct metallurgical condition, have adequate strength and corrosion resistance for most orthopedic applications
The primary purpose of the research reported here is to determine the effects of platinum additions on the corrosion resistance of UNS S31673-based PERSS alloys in deaerated Ringers solution representative of blood or blood plasma. A secondary purpose is to determine the effect of dissolved oxygen, introduced into alloys in the melting process, on the corrosion resistance of the UNS S31673-based PERSS alloys.
Experimental Methods

Alloy Fabrication
The materials used in this study were BioDur 316LS, the base material used to make these PERSS alloys, and PERSS alloys made by the addition of 5 to 6 wt % platinum to the base material. The ~ 6 wt % PERSS alloy (IVT 78) has more optimized processing parameters and more closely resembles a commercial product. The ~ 5 wt % alloys (IVT 30-series and 50 series), made earlier, are exploratory alloys; their processing parameters were somewhat less refined than either the BioDur 316LS or IVT 78. Corrective additions of Cr and Mo were made to all PERSS alloys to account for dilution resulting from the addition of platinum [3] . The corrections were made so the pitting resistance equivalent (PRE) of the PERSS alloys was equal to a PRE of 26 or greater; this was done by computing the corrections using Alloys IVT 37, 38, 50 and 78 were consolidated by vacuum induction melting BioDur 316LS base with either a 5 wt% Pt addition (IVT 37, 38 and 50) or 6 wt % Pt addition (IVT 78) and enough additional Cr and Mo to return the overall composition to a PRE > 26. IVT 50 and 78 were remelted in a vacuum arc furnace to further refine the structure and provide sound material for further processing. Both IVT 54 and 56 were derived from IVT 50; they were produced to yield alloys of different oxygen content. IVT 54 and IVT 56 were vacuum induction melted under a partial pressure of argon, but they were not subsequently vacuum arc remelted. IVT 54 consisted of 1 kg of IVT 50 inductively melted in a new alumina (Al 2 O 3 ) crucible and poured into a new conical mold. IVT 56 consisted of 1 kg IVT 50 plus 250 ppm aluminum (Al) plus 750 ppm calcium oxide (CaO) inductively melted in the same crucible as IVT 54 and poured into a conical mold.
Alloy Description and Analysis
The results of wet chemistry and inductively-coupled plasma atomic absorption spectroscopy (ICP AA) chemical analyses of the base material and the PERSS alloys are listed in Table 3 . IVT 50-series alloys had higher oxygen contents than the base material. Cr, Ni, and Mo contents of the PERSS alloys were similar to those of the base material. All of the alloys (Table 4) were tested in their annealed condition. The base material and IVT 78 had similar hardness values. The IVT 78 grain size was refined by cold rolling, as compared to the grain size of the base material, which was obtained in bar form. Both alloys were single-phase austenitic alloys with no evidence of inclusions or precipitates. 
Corrosion Tests
The primary test method used for evaluating corrosion susceptibility was F2129; it was used to measure pitting corrosion resistance in nitrogen deaerated Ringers solution of the alloys in Table 3 , with the exception of IVT 30-series alloys. For comparison with the results from F2129 tests, potentiodynamic polarization measurements were made on selected alloys. Additional measurements were made on BioDur 316LS, Heat 1, and on IVT 37 and IVT 38, using Practice E of ASTM Practices for Detecting Susceptibility to Intergranular Attack in Austenitic Stainless Steels (A262), and ASTM Test Method for Pitting or Crevice Corrosion of Metallic Surgical Implant Materials (F746).
F2129 -This test method is for assessing corrosion susceptibility of specified metallic medical devices or components using cyclic forward and reverse potentiodynamic polarization. Examples of specified devices include coronary stents. The test method is intended to evaluate the medical device in its final form and finish, i.e., as it would be implanted. While it was not the aim of the present research to evaluate finished devices, the test method provided a valuable basis for assessing pitting corrosion resistance of PERSS alloys and comparing it to that of their base material. Most of the alloys were surface ground to a 120-grit aluminum oxide finish prior to testing. The BioDur 316LS, Heat 2, and IVT 78 alloys were prepared for testing in a manner closely approximating that used for coronary stents, i.e., polished to a 1 µm finish and then electropolished. All testing was in Ringers solution (Table 2) , because this solution most closely simulates the composition of blood plasma. Samples were immersed in Ringers solution at 37˚C after deaerating with high purity nitrogen. All potential measurements were made with respect to the saturated calomel electrode (SCE). The open circuit corrosion potential (E corr ) was measured for one hour. After one hour, the cyclic potentiodynamic scan was started in the positive (noble) direction at 10 mV/min, beginning at a potential 100 mV negative to the last measured E corr value. The potential scan was reversed when current density reached a value approximately two decades greater than current density at the breakdown potential (E b ), sometimes called the pit nucleation potential, E np [11] . The scan was halted when the potential reached 100 mV negative of the E corr or when current density dropped below the passive current density and a protection potential (E prot ) was observed.
All tests were conducted in a flat cell modified to simulate the standard Avesta cell [12] . High purity water flowed through a fiber washer at 0.6 ml/min to maintain crevicefree conditions at the test sample surface. Figure 1 shows the experimental apparatus, including the flat cell fitted with an Avesta head, the solution reservoir, and the high purity water reservoir. Two or more tests were performed on each alloy.
Potentiodynamic polarization measurements were made on the two electropolished alloys, BioDur 316LS, Heat 2, and IVT 78, to show the full polarization curve, including both anodic and cathodic branches. All procedures were the same as in F2129 except that the cyclic scan was started in the positive (noble) direction at 10 mV/min, beginning at a potential of -300 mV vs SCE. The scan was reversed when current density reached a value approximately two decades greater than the current density at the breakdown potential (E b ). The scan was halted at the potential where the current density dropped below the passive current density, i.e., the protection potential (E prot ).
A262E -This practice is a requirement of ASTM Specification for Wrought 18 Chromium-14 Nickel-2.5 Molybdenum Stainless Steel Bar and Wire for Surgical Implants (F138) and ASTM Specification for Wrought 18 Chromium-14 Nickel-2.5 Molybdenum Stainless Steel Sheet and Strip for Surgical Implants (F139). It is intended to determine susceptibility of austenitic stainless steels to intergranular corrosion attack associated with precipitation of chromium-rich carbides.
Duplicate samples of BioDur 316LS, Heat 1, and IVT 37 and IVT 38 were tested in annealed and sensitized heat-treat conditions. The sensitized samples were heat-treated at 675˚C for one hour and air cooled. All samples were ground to a 120-grit finish. They were then embedded in copper granules and exposed for 24 hours to a boiling solution of 100g/L hydrated copper sulfate (CuSO 4 ·H 2 O) and 100 mL/L of concentrated sulfuric acid (H 2 SO 4 ), Figure 2 . After exposure, the samples were bent through a 180˚ arc over a mandrel with a diameter equal to the thickness of the samples. The bent samples were examined at 20X magnification for cracks indicative of a sensitized material. F746 -This procedure is not a requirement of F138 and F139 for UNS S31673 alloys. It is designed solely for determining comparative laboratory indices of performance. The results are used for ranking alloys in order of increasing resistance to pitting and crevice corrosion under the specific conditions of the test method. The method is intentionally designed to produce conditions sufficiently severe to cause breakdown of UNS S31603, an alloy similar to UNS S31673 and also considered acceptable for surgical implant use.
Alloys that suffer pitting and crevice corrosion during the more severe portion of the test do not necessarily suffer localized corrosion when placed in the human body as implants.
Three samples each of BioDur 316LS, Heat 1, and IVT 38 were evaluated in the annealed condition. The surface of each cylindrical sample was first ground to a 600-grit finish. Samples were fitted with an inert tapered collar and immersed in a saline solution (consisting of 9 g/L sodium chloride (NaCl) in distilled water) at 37˚C. E corr was established after immersion for one hour. Localized corrosion was then stimulated by potentiostatically polarizing the sample to a potential of +800 mV vs SCE. Localized corrosion was marked by a large and generally increasing anodic current. The potential was then decreased rapidly to the original E corr . If the alloy was susceptible to localized corrosion, the current remained at a relatively high value and fluctuated with time. If the pits or crevices repassivated and localized attack was halted, the current dropped to a value typical of a passive surface and continued to decrease. If the sample repassivated, it was repolarized to +800 mV vs SCE and the potential decreased to a value more noble (more positive) than E corr and the current response observed. This was repeated stepwise until a potential was reached where the sample did not repassivate. The critical potential for localized attack is the most noble potential at which localized corrosion repassivated, i.e., similar to E prot .
Results
F2129
IVT 78 PERSS alloy -Results of the F2129 test on the Biodur 316LS, Heat 2, and the PERSS alloy IVT 78 alloy are shown in Figure 3 and summarized in Table 5 . Parameters measured in the ASTM F2129 tests were E corr , E b , E prot and I corr ; derived values included (E b -E corr ) and (E b -E prot ). The heavy curves in Figure 3 are for Biodur 316LS, Heat 2. They bracket the results for IVT 78. Both the base material and IVT 78 were passive until E b was achieved. Measured E b values for IVT 78 were grouped between those measured for Biodur 316LS, Heat 2, Figure 3 and Table 5 . No E prot was measured for Biodur 316LS, Heat 2, or IVT 78 because the ASTM F2129 test did not allow potentials more negative than -100 mV below the last measured E corr to be included in the scans.
Full potentiodynamic polarization curves, including both the anodic and cathodic branches, are shown in Figure 4 for Biodur 316LS, Heat 2, and IVT 78. They are typical for stainless steel-based alloys in contact with chloride solutions at moderate pH values [13] as opposed to the curves generated by ASTM F2129, Figure 3 . The curves in Figure  4 show extended regions of passivity, a breakdown of the passive film due to the initiation and growth of pits, and a well-developed hysteresis loop. The presence of the hysteresis loop is an indication that the alloys are susceptible to localized corrosion. These results are summarized in Table 5 . The polarization curves include both E corr and E prot . They show the curves for Biodur 316LS, Heat 2, and IVT 78 were similar except for the values of E corr . E corr for IVT 78 was higher than that for Biodur 316LS, Heat 2. Both Biodur 316LS, Heat 2, and IVT 78 were passive at potentials up to E b . The E b values for the two alloys were almost the same and E prot values for the two alloys were similar. However, IVT 78 repassivated at potentials below (cathodic to) E corr while Biodur 316LS, Heat 2, repassivated at potentials above (anodic to) E corr . Corrosion currents for the Biodur 316LS, Heat 2, and IVT 78 were low and similar.
Photomicrographs are shown in Figure 5 of the BioDur 316LS, Heat 2, and IVT 78 surfaces following the ASTM F2129 test and potentiodynamic polarization scans (the staining is not significant). In each case pitting occurred at only one or two locations on the 1 cm 2 exposed surface. There was no other population of pits distributed over the surface and there was no evidence of crevice corrosion. Results were the same for both BioDur 316LS, Heat 2, and IVT 78. Figure 6 is qualitatively similar to that for each of the IVT 50-series alloys. Pits were observed on the exposed surface of the IVT 50 series alloys, but there was no indication of crevice corrosion in the area where the sample was sealed to the test cell. Both BioDur 316LS, Heat 1, and the IVT 50-series alloys exhibited breakdown potentials more noble than their corrosion potentials. E b for BioDur 316LS, Heat 1, was more noble than that for the IVT 50-series alloys, indicating a greater resistance to pitting corrosion for BioDur 316LS than the IVT 50-series alloys. 
Effect of Alloy Oxygen Content on Localized Corrosion of IVT 50-series PERSS alloys
In general, local imperfections in passive films, such as inclusions, increase the susceptibility of an alloy to localized corrosion [14] . Oxygen incorporated into an alloy during melting and fabrication can result in the formation of oxide inclusions. Oxide inclusions at the surface of stainless steels can affect the stability of the passive film formed on stainless steels when evaluated by F2129. Inclusions can become sites for pit initiation, thereby reducing the alloy resistance to pitting corrosion. The IVT 50-series alloys were made with different oxygen contents and had second phases present in their microstructure. Results for the alloys are plotted in Figure 7 and show that E corr , E b , or E prot were not a function of oxygen content in the range 0.01 to 0.03 wt % oxygen. However, IVT 50-series alloys were more susceptible to pitting corrosion than IVT 78. 
A262E
The behavior of alloys IVT 37 and IVT 38 was identical to that of BioDur 316LS, Heat 1, in the A262E test. Figure 8 shows the surface of the BioDur 316LS, Heat 1, and IVT 37 alloys after 24 hour immersion in the copper sulfate solution and then bending through a 180 o arc. None of the samples exhibited cracks or fissures on the bend radius. This indicates the alloys were not susceptible to intergranular corrosion attack. As a consequence of these results it can be surmised that annealing did not precipitate chromium-rich carbides and the alloys were not susceptible to sensitization at the annealing conditions. While not tested by A262E, metallographic examination of BioDur 316LS, Heat 2, and IVT 78 alloy microstructures showed them to be single-phase austenitic materials with no evidence of inclusions or precipitates.
IVT 37 Biodur 316LS, Heat 1 Figure 8 -Alloy surface after ASTM A262E test followed by bending through a 180º arc (20X) ASTM F746
The results of F746 are shown in Table 6 for BioDur 316LS, Heat 1, and IVT 38. The critical potential for pit repassivation, E prot , of the alloy in the saline solution for BioDur 316LS, 0.200 to 0.250 V SCE , was slightly more noble than that for IVT 38, 0.100 to 0.150 V SCE . In terms of ability to repassivate, BioDur 316LS, Heat 1, had greater resistance to pitting and crevice attack than IVT 38. Examination of the samples following the F746 test revealed no evidence of localized corrosion attack, either crevice corrosion attack around the tapered collar or pitting corrosion attack on the sample face. 
Discussion
Composition of alloys
The PERSS alloy IVT 78 exhibited substantially greater resistance to pitting corrosion than the IVT 50-series alloys. The value of E corr was substantially more noble and more clearly in the passive region than that for the IVT 50-series alloys. The value of E b for IVT 78 was more noble than that for the IVT 50-series alloys and comparable to that of BioDur 316LS. The value of I corr for IVT 78 was more than a factor of 5 lower than that of the IVT 50-series alloys and comparable to that of BioDur 316LS. The value of (E b -E corr ) for IVT 78 was substantially higher than most values for the IVT 50-series alloys and comparable to that for BioDur 316LS.
Results in Table 5 show that E b values for IVT 78 were similar to those for BioDur 316LS. Values for the IVT 50-series alloys were less noble than those for BioDur 316LS. A reduction in E b similar to that seen for the IVT 50-series alloys was suggested in McGill's review [5] [6] of the literature for two ferritic stainless steels, although no data were reported for austenitic stainless steels such as UNS S31673. Leclerc [10] has reported E b values of 0.160-0.650 V SCE for 316 stainless steel in Ringers solution. E b values slightly more noble to these are reported in Table 5 for BioDur 316LS and for IVT 78. Values comparable to them are reported in Table 5 for the IVT series-50 alloys.
Another way to assess pitting corrosion susceptibility is to consider the derived parameters given in the last two columns of Table 5 . A well-defined hysteresis loop indicates susceptibility to localized corrosion, and the width of the hysteresis loop (E b -E prot ) characterizes that susceptibility (see for example Figure 4) . A larger E b -E prot value generally indicates greater susceptibility to localized corrosion [17] . (E b -E prot ) values in Table 5 for both BioDur 316LS and the PERSS alloys are similar in magnitude, indicating they have a similar susceptibility to localized corrosion. However, susceptibility to localized corrosion does not mean pitting corrosion will initiate. Susceptibility to pit initiation is indicated by the second parameter, (E b -E corr ). The greater the value of (E b -E corr ), the lower the probability that pitting corrosion will initiate on an alloy surface [17] . Values of (E b -E corr ) given in Table 5 are large (0.334 to 0.852 V) for all of the alloys, indicating low susceptibility to pit initiation. Furthermore, both BioDur 316LS and IVT 78 had values on the high end of this range, indicating even greater resistance to pit initiation.
None of the measured corrosion parameters for the PERSS alloys in deaerated Ringers solution were a function of alloy oxygen content between 0.01 and 0.03 wt %. Results in other environments may be different. However, the fabrication practice for the PERSS alloys is to keep the oxygen content as low as possible.
Surface finish and possible effects
Surface preparation of the BioDur 316LS alloy and the IVT 30-series and 50-series alloys was a 120-grit finish, which is much rougher than that of finished stents. Surface preparation of the BioDur 316LS, Heat 2, and IVT 78 was similar to that of electropolished (finished) stents. Surface finish can greatly affect the resistance of an alloy to localized corrosion. For example, the F2129 results for BioDur 316LS were quite different for Heat 1 ground to a 120-grit surface finish and Heat 2 polished to a 1 µm finish and then electropolished. A surface that is more homogeneous, both chemically and physically, will have a more noble value for E b and a better resistance to localized corrosion [16] . Physical homogeneity of an alloy surface refers to roughness caused by the surface preparation process. E b has been shown to be more noble as peakto-peak surface roughness decreased from 100 to 0.02 µm [16] . While chemical homogeneity of an alloy surface can mean many things, one of the most critical factors is the amount of Cr in the passive surface film. Studies have shown that the amount of Cr in the passive film, and value of E corr and E b , increased as follows: dry polishing < wet polishing < HF etching < 10% HNO 3 etching < 30% HNO 3 passivation [16] . Clearly surface finish is an important factor and should be considered when evaluating alloy resistance to localized corrosion. The optimum surface finish is that of the finished stent, as was done with the BioDur 316LS, Heat 2, and the PERSS alloy IVT 78, and is reflected in the higher E b values for these two materials, Table 5 .
Potentiodynamic polarization scan rate
Scan rate can affect measured values of E b and E prot [17] . Faster scan rates tend to produce more noble values of E b and E prot . Scan rate also can affect different alloys differently. The scan rate used in the present tests was 10 mV/min, well within the range where E b for 18Cr-9Ni stainless steels is reported to be unaffected by scan rate [17] .
Potentiodynamic polarization scan versus F2129 scan
The potentiodynamic polarization and F2129 scans for BioDur 316LS, Heat 2, are given in Figure 9 . The F2129 scan is seen to be identical to that of the potentiodynamic polarization scan over the potential range covered by the F2129 test criteria (the lower value of current after the scan direction was reversed is not considered to be significant). However, for materials like BioDur 316LS, Heat 2, and IVT 78 with an electropolished surface finish, the F2129 test did not permit a determination of E corr , I corr , or E prot . The difficulty lies in the way E corr and the scan start potential are determined in the test for a material that is strongly passive, as both BioDur 316LS and the IVT 78 alloys were. With a strongly passive material the "last measured E corr " can vary widely over the passive region. The F2129 test limits the cyclic potential scan from a point 100 mV more negative than "the last measured E corr " to E b and back. Clearly from the results in Figure  8 , this range is insufficient to measure some of the important parameters used to rate the performance of alloys in body fluids. 
Conclusions
• The PERSS alloy IVT 78 alloy had a resistance to pitting corrosion in deaerated Ringers solution that was similar to that of the BioDur 316LS base (UNS S31673).
• Metallographic examination showed annealed IVT 78 and annealed BioDur 316LS to be single-phase alloys with no evidence of inclusions or precipitates.
• Values of (E b -E corr ), which characterize the probability that localized corrosion will initiate, were fairly large and were similar for both BioDur 316LS and IVT 78, suggesting the probability was low that pits would initiate in deaerated Ringers solution.
• The IVT 78 alloy was more resistant to pitting corrosion in deaerated Ringers solution than were the IVT 50-series alloys.
• The corrosion performance of the IVT 50-series alloys, as measured in deaerated Ringers solution by the F2129 test procedure, was not a function of alloy oxygen contents between 0.01 and 0.03 wt %.
• There was no evidence of intergranular attack due to sensitization of either BioDur 316LS or the IVT 30-series alloys as measured by the A262E test procedure.
• There was no evidence of pitting or crevice attack on the BioDur 316LS and IVT 38 alloys as measured by the F746 test procedure. The IVT 38 results were similar to those obtained by F2129 for IVT 50-series alloys.
• Potentiodynamic polarization scans provide more information on the corrosion performance of alloys that are strongly passive in body fluids than does F2129. This arises primarily because of the way E corr and the scan start potential is established in F2129. Potentiodynamic polarization measurements provided values for E corr , I corr , and E prot for electropolished BioDur 316LS and IVT 78. These values were not available from F2129.
